Abstract Malaria caused by the protozoan parasite Plasmodium falciparum is characterized by long-term, persistent infections that can last for many months. The ability of this parasite to avoid clearance by the human immune system is dependent on its capacity to continuously alter the surface exposed antigenic proteins that that are vulnerable to antibody recognition and attack, a process called antigenic variation. SigniWcant work in recent years has contributed to our understanding of the mechanisms underlying this process, including the genes encoding the antigenic proteins and the DNA sequence elements that control their expression. In addition, the epigenetic "marks" that are associated with activation and silencing of individual genes have been extensively characterized. These studies have led to a model that includes multiple layers of regulation that ultimately lead to the tight coordination of expression of the genes responsible for antigenic variation by malaria parasites. Here we review some more recent data that adds additional complexity to our understanding of these regulatory layers.
Introduction
Plasmodium falciparum, the causative agent of the most severe form of human malaria, is one of many protozoan parasites that have evolved the ability to maintain longterm, persistent infections of their mammalian hosts. These infections are often characterized by waves of parasitemia that recur over several months of infection, with each wave representing the rise and fall of distinct populations of parasites expressing a particular set of immune antigens (Miller et al. 1994) . This is a hallmark of a process called antigenic variation, in which parasites limit the antigens they display to the host immune system to a small number of proteins, then alter these antigenic molecules overtime, thus staying one step ahead of the antibody based immune response of the infected individual (Deitsch et al. 1997 ). In the case of malaria parasites, which infect red blood cells (RBCs) during the asexual stage of their life cycle, antigenic variation is centered on proteins displayed on the RBC surface (Kyes et al. 2001) .
Upon infection of circulating RBCs in its human host, P. falciparum makes a number of alterations to the RBC membrane to enable its survival and proliferation. These include changes in the deformability of the cells (Cooke et al. 2001; Mills et al. 2007; Glenister et al. 2008; Hodder et al. 2008) , the induction of new channels for the import and export of nutrients into and out of the cell (Staines et al. 2007) , and perhaps most importantly for pathogenesis, the placement of adhesive proteins on the infected cell surface, thus enabling the cell to adhere to the endothelium of the post-capillary venules and avoid circulation through the spleen where infected cells would be destroyed (Baruch 1999) . The cytoadhesion of infected RBCs is thought to lead to many of the severe manifestations of the disease, including cerebral malaria and pregnancy associated malaria, in which infected cells tightly adhere within the brain or placenta, respectively (Miller et al. 1994) . The many modiWcations to the RBC membrane leave parasite encoded proteins exposed to the extracellular environment where they are detected by the host immune system, and consequently an antibody response is produced against these proteins. This leads to the requirement for the parasite to continuously vary these proteins in order to avoid destruction and extend the length of the infection. Antigenic variation in P. falciparum malaria is therefore intimately tied to the pathogenesis of the disease, and the primary antigenic molecules are also the most prominent virulence factors of the parasites.
The completion and annotation of the P. falciparum genome, as well as the addition of large amounts of genomic sequence data from numerous Weld isolates, enabled investigators to search the genome for large multi-copy gene families that might be involved in antigenic variation (Gardner et al. 2002) . Four prominent families were identiWed; var, riWn, stevor and Pfmc-2TM (Smith et al. 1995; Baruch et al. 1995; Su et al. 1995; Kyes et al. 1999; Cheng et al. 1998; Sam-Yellowe et al. 2004 ). The best characterized of these is var, which encodes PfEMP1, the surface exposed adhesion protein responsible for sequestration of infected RBCs in the deep tissues. The other three families all encode proteins of similar structure but unknown function. Interestingly, when parasites are cultured in vitro, expression of the proteins encoded by these gene families appears not to be required for viability (Lavazec et al. 2007) . Nonetheless, parasites taken directly from patients robustly express members of these families (Blythe et al. 2008) , suggesting that they are likely involved in direct interactions with the host, or with the parasite's ability to avoid the immune response, thus explaining why they are not required when the parasites are reared in the absence of a host.
The four gene families mentioned above are found clustered with one another within speciWc regions of the genome that appear to be dedicated to these hyper-variable genes (Gardner et al. 2002) . The subtelomeric regions of most chromosomes, immediately adjacent to the telomeric repeats, contain such clusters of genes, with var genes typically found at the most telomeric extreme, followed by members of the other three families. While they are generally found in close proximity to one another, expression of individual genes within the diVerent families does not appear to be coordinated (Sharp et al. 2006; Lavazec et al. 2007 ). The process of antigenic variation results from switches in expression between members of a speciWc gene family, thus altering the form of the surface exposed protein and allowing parasites to avoid antibodies produced against the protein encoded by previously expressed genes. In the case of var genes, expression appears to be strictly mutually exclusive, with one and only one var gene actively transcribed at a time (Chen et al. 1998; Scherf et al. 1998; Voss et al. 2006; Dzikowski et al. 2006 ). This requires that every var gene in the genome be recognized as part of a single family, and that a mechanism be in place to limit expression to a single copy. In addition, a switch in expression must be coordinated so that activation of one gene coincides with simultaneous silencing of the previously active copy. It is not yet clear if the riWn, stevor and Pfmc-2TM families follow a similarly strict regulatory paradigm. Also inherent to this process is the requirement for cellular memory, meaning that once a particular gene is activated, it tends to remain active through many cell cycles and switches in expression only occur at a relatively low rate. This ensures that the parasite's repertoire of antigenic types is not exhausted too quickly and results in the waves of parasitemia observed in infected individuals.
The molecular mechanisms that control changes in gene expression and antigenic variation are far from being fully understood. Nonetheless substantial progress has been made in recent years in determining many of the aspects underlying this intricate process. The most detailed work has focused on the var gene family, and several recent reviews have summarized much of this work (Kyes et al. 2007; Coleman and Duraisingh 2008; Scherf et al. 2008; Lopez-Rubio et al. 2007b ). Here we describe more recent data that adds to an emerging model that includes multiple "layers" of regulation that control expression of these large gene families.
Layer one: gene structure and putative regulatory elements
The »60 var genes found in the genome of P. falciparum all maintain the same basic structure consisting of a large Wrst exon encoding the hyper-variable, extracellular portion of the protein, an »800 bp intron, and a conserved second exon that encodes the portion of the protein anchored inside the infected RBC membrane (Fig. 1a) . Each gene also includes two transcriptionally active promoters, one upstream of the Wrst exon and giving rise to the mRNA, and the second within the intron that leads to expression of noncoding RNAs of unknown function (Su et al. 1995; Calderwood et al. 2003) . Only the Wrst promoter is subject to mutually exclusive expression and therefore while only one upstream promoter is active at a time (and thus only a single mRNA is made), the intron promoter appears to be active in most or perhaps all var genes (Epp et al. 2008a ). Analyses of the DNA sequence of the upstream regulatory regions have shown that they can be classiWed into three main types, called upsA, B and C (Kraemer and Smith 2003; Lavstsen et al. 2003) , and regulatory elements have been mapped within these regions by both deletion analysis and electro-mobility shift assays (EMSA) (Voss et al. 2000 (Voss et al. , 2003 . A member of the ApiAP2 family, a member of a newly identiWed class of transcription factors containing AP2 DNA binding domains has been identiWed as a protein Condensed, silent chromatin (left) is characterized by tightly packed nucleosomes carrying the H3K9me3 modiWcation while the nucleosomes found in loose, transcriptionally active chromatin surrounding "on" var genes (right) are marked by H3K4me3, H3K4me2 and H3K9ac histone modiWcations. c The hypothetical structure of nuclei from P. falciparum. Regions containing condensed heterochromatin (green) are found at the nuclear periphery while euchromatin is found in the internal regions (grey). Clusters of silent var genes (red) are thought to be tethered to the nuclear membrane. The active var locus (green) relocates to a speciWc region of euchromatin near the nuclear membrane which may represent a speciWc var gene expression site A B C that binds to the upstream regulatory regions of upsB var genes (Llinas et al. 2008) , although its exact role has not been deWned. There is also evidence that the promoter found within var introns functions as a regulatory element, both as a silencer and in the recognition of var genes by the mechanism that controls mutually exclusive expression (Deitsch et al. 2001; Frank et al. 2006; Dzikowski et al. 2007) . A model is therefore emerging that the Wrst layer of var gene regulation is controlled by these elements residing in the regions immediately surrounding each gene.
There are two exceptions to the basic model outlined above. The Wrst is a conserved var pseudogene referred to as var1csa. The upstream regulatory region of this gene is unique (referred to as upsD) (Kraemer and Smith 2003; Lavstsen et al. 2003) , and the intron of this gene appears to have a substantial deletion in the region containing the promoter activity. In all parasite isolates examined to date, the gene either is truncated or has a frame shift mutation in exon 1, thus leading to its designation as a pseudogene in the annotated genome of the 3D7 isolate. Interestingly, this gene appears defective in both silencing and in recognition by the mechanism that control mutually exclusive expression (Kyes et al. 2003; Winter et al. 2003) ; it is constitutively expressed regardless of expression of other members of the var gene family. This provides support for the hypothesis that the promoter activity found in var introns is necessary for both silencing and mutually exclusive expression. The second exception is the so called "type 3" or "var-like" genes (Trimnell et al. 2006) . These genes are found in one to three copies in the genomes of most parasite isolates and, unlike other var genes, are conserved in sequence. The intron found in these genes does not resemble those found in the rest of the gene family and does not contain promoter activity (Epp et al. 2008b) , nonetheless these genes do get silenced. Whether or not they are recognized by the mutually exclusive expression pathway has not yet been determined, and their role in parasite biology remains an open question.
In addition to the regulation of var gene expression at the level of transcription outlined above, it has recently been shown that the expression of at least one var gene is also regulated at the level of translation. A particular var gene, called var2csa, is found within the genomes of most or all wildtype parasites (Trimnell et al. 2006) and is thought to encode a form of PfEMP1 that speciWcally binds to the placental receptor chondroitin sulfate A (CSA) Viebig et al. 2005) . Antibodies against this protein are only detectable in women who have suVered a bout of malaria during pregnancy (Salanti et al. 2004) , suggesting that this gene is not expressed during infection in men, children or non-pregnant women. In addition, in vitro parasites can be isolated that actively transcribe this gene but in which no detectable protein is produced (Mok et al. 2008) , suggesting that translation of the mRNA can somehow be repressed. Examination of the upstream untranslated region of the var2csa transcript identiWed a unique short open reading frame (uORF) that encodes a polypeptide of 120 amino acids . Using transgenic parasites, it was demonstrated that translation of the uORF suppresses translation of the PfEMP1 encoding portion of the transcript, thus eVectively silencing the gene (Amulic et al. 2009 ). Using selection pressure, it was possible to isolate parasites that had switched to translating the downstream, PfEMP1 encoding ORF, therefore demonstrating that the suppression of translation was reversible (Amulic et al. 2009 ). This led to the hypothesis that translation of var2csa mRNA is repressed when parasites infect individuals without a placenta, and that this repression can be lifted when a placenta is available for sequestration. Whether reversal of translational repression is triggered by a signal in pregnant women or is simply stochastic is not known.
Layer two: epigenetic memory
The term epigenetic memory refers to the concept that once the transcriptional status of an individual var gene has been established, this state (either active or silent) tends to be maintained through multiple cell cycles and only rarely does a switch event occur (Horrocks et al. 2004; Frank et al. 2007 ). Thus the transcriptional state of each gene is "remembered" from one cell cycle to the next. It is important for var gene expression switches to be relatively rare in order to prevent premature expenditure of the parasite's antigenic repertoire, and it is this inherent rate of switching that gives rise to the waves of parasitemia observed in experimental infections with P. falciparum. This memory is encoded into the genome through a series of "marks" placed at each gene that are faithfully replicated along with the genome during S-phase of each cycle (Duraisingh et al. 2005; Freitas-Junior et al. 2005; Chookajorn et al. 2007; Lopez-Rubio et al. 2007a ). SigniWcant eVort in recent years has been expended to decipher these marks and to determine how they inXuence var gene expression.
Mutually exclusive expression and var gene expression switching are thought to be controlled epigenetically, referring to the fact that activation and silencing of each individual gene is not accompanied by changes in either DNA sequence or the presence or absence of speciWc transcription factors. Rather the transcriptional state of a gene is associated with a speciWc chromatin structure found surrounding the promoter region, and an extensive amount of work has been completed to deWne the constellation of histone modiWcations that are associated with either active or silent genes (Fig. 1b) . The particular modiWcations identiWed are similar to those observed at either active or silent genes in most other eukaryotes studied, for example acetylated histone H2 and H3 and methylated H3K27 are found at active genes, while tri-methyl H3K9 is found at silent loci (Duraisingh et al. 2005; Freitas-Junior et al. 2005; Chookajorn et al. 2007; Lopez-Rubio et al. 2007a ). Interestingly, Lopez-Rubio et al. (2007a) demonstrated that di-and trimethylated H3K4 are enriched in an "on" var gene even during the phase of the cell cycle when the gene is no longer transcriptionally active, indicating that the gene is "poised" and ready to be activated again in the next cell cycle. This suggests that methylated H3K4 plays a signWcant role in "bookmarking" the active gene, an important aspect of epigenetic memory. In addition, parasites in which the histone deacetylase SIR2 has been knocked out show leaky silencing of a portion of the var gene family, implicating this histone modifying protein in the maintenance of the silent state (Duraisingh et al. 2005) .
In many other models systems, the conventional histone modiWcations that are associated with the regulation of transcription are augmented by the incorporation of noncoding RNAs (ncRNAs) into the chromatin structure (Andersen and Panning 2003) . Examples include the ncRNAs associated with dosage compensation in both mammals (Xist, T-six) (Chang et al. 2006) and Drosophila (Rox1 and 2) (Meller et al. 1997 (Meller et al. , 2000 as well as the small double-stranded RNAs generated by the RNAi pathway. There is evidence that the genome of P. falciparum encodes numerous ncRNAs (Mourier et al. 2008) , and small noncoding transcripts have been found incorporated into the chromatin structure found at centromeres (Li et al. 2008) . Additionally, numerous proteins containing RNA binding domains are encoded in the genome (Aravind et al. 2003) , suggesting that RNA might play a signiWcant role in regulating gene expression in Plasmodium. In the case of var genes, ncRNAs (originally called "sterile" RNAs) were found to be transcribed from the intron promoter during the late stage of the cell cycle (Kyes et al. 2003; Calderwood et al. 2003) , when the genome is being replicated and chromatin assembly is occurring. A more recent paper has shown that these ncRNAs are capped but not polyadenylated, are retained within the nucleus, and are associated with chromatin, thereby suggesting that they might play a role in chromatin assembly and transcriptional regulation of the var gene family (Epp et al. 2008a) .
While modiWcations to chromatin structure clearly play an important role in determining which var gene is active in any given parasite, another interesting question is what is required to maintain the transcription state through multiple cell generations so that the chromatin structure is faithfully replicated along with the genome. Recently it was shown that transcription itself is required for an "on" var gene to continue to be active for multiple cell cycles (Dzikowski and Deitsch 2008) . Using a genetic technique referred to as promoter titration (Iyer et al. 2007) , it was possible to prevent an "on" var gene from being actively transcribed. This resulted in the gene reverting to the silent state, and essentially erased the epigenetic marks from this gene. This observation led to a model in which transcription, and speciWcally the movement of the RNA polymerase II complex along the length of the gene, results in the recruitment of histone modiWers to the active locus, leading to the propagation of the chromatin modiWcations indicative of an active gene. This results in a reinforced feedback loop through the coupling of RNA polymerase to chromatin modiWers and thus leads to the "on" gene remaining "on". This type of system for perpetuating a particular chromatin state has been observed in other organisms (Hampsey and Reinberg 2003; Eissenberg and Shilatifard 2006) , and is thought to require the direct recruitment of histone modifying enzymes by the RNA polymerase II complex. How switching occurs in such a model however remains to be determined.
Layer three: subnuclear organization
The nuclear microenvironment and the organization of the genome into diVerent subnuclear compartments appear to play a role as another epigenetic level of transcriptional regulation in eukaryotic organisms. Silent genes tend to localize within regions of the nucleus that contain primarily heterochromatin whereas active transcription generally takes place in euchromatic regions in which chromatin is loose and open for transcription. The role of nuclear structure in antigenic variation was Wrst demonstrated for African trypanosomes where the active vsg gene was shown to localize within a speciWc subnuclear expression site (Navarro and Gull 2001) . There is now evidence from several laboratories indicating that nuclear architecture is also important for gene regulation in P. falciparum and represents another layer of control of var gene expression (Fig. 1c) . Studies investigating the ultrastructure of the P. falciparum nucleus have demonstrated that it is composed of two distinct compartments; the nuclear periphery consisting mainly of electron dense heterochromatin and the internal part of the nucleus contain primarily loose euchromatin . Interestingly however, the periphery of each parasite nucleus contains at least one distinct region that is clear of heterochromatin, indicating that the region next to the nuclear membrane may contain both transcriptionally active and inactive zones. These observations have lead to the suggestion that this region represents an expression site where var genes localize when they are transcriptionally active.
Fluorescent in situ hybridization (FISH) has been used by several groups to visualize where in the nucleus various genes or chromosomal regions are localized at any given time. Experiments using var-speciWc probes showed that both subtelomeric and central var genes localize mostly at the nuclear periphery regardless of their activation state ). In addition, var genes appear to move upon changes in their transcriptional activity. By selecting parasites for the ability to bind to CSA, it is possible to create parasite lines that exclusively express var2csa , thus enabling the visualization of a single transcriptionally active var gene by FISH. Using this technique, Ralph et al. (2005) demonstrated that when var2csa is silent, it highly co-localizes with telomeric clusters (84% of cells visualized) whereas upon activation it moves to another location of the nuclear periphery apart from the telomeric clusters, resulting in a decrease in their co-localization rate to only 26%. Similar results were subsequently observed by Mok et al. (2008) . Based on these observations, a model was proposed in which the telomeric clusters are located within the heterochromatic region of the nuclear periphery and upon activation, var genes exit this region and move to the euchromatic portion of the periphery where the chromatin is open for transcription . However, contrary data was obtained using transgenic lines in which var promoters were integrated at a centrally located var locus. When selected for activation using a drug selectable marker, the transgenes tended to co-localize with the telomeric clusters independently of their transcriptional status (Voss et al. 2006 ). In addition, transcriptionally active var promoters found on episomes were reported to co-localize with the telomeric clusters signiWcantly more frequently upon activation, thus suggesting that active var genes are not necessarily separated from silent genes. Nonetheless, both sets of studies are consistent with a speciWc region within the largely heterochromatic nuclear periphery that is conducive to var gene transcription, and that when activated, var genes must relocate to this expression site. This led to the proposal that mutually exclusive expression could simply be a result of this site being only capable of accommodating a single var gene at a time.
More recent data using a diVerent experimental approach suggests that a var expression site does indeed exist within the P. falciparum nucleus, however it is not limited in its capacity to only a single var promoter at a time and therefore does not control mutually exclusive expression of var genes . These experiments took advantage of the ability to render a var promoter constitutively active and not counted by the mechanism the controls mutually exclusive expression (by separating it from the regulatory element in the intron), thus enabling the creation of parasites in which at least two var promoters are active simultaneously. Using DNA FISH with gene speciWc probes targeting either a constitutively active episomal var promoter or a properly regulated transcriptionally active chromosomal var gene, it was possible to demonstrate that two simultaneously active var genes virtually always colocalized within the nucleus (»95% of cells). However, when a silent chromosomal var gene was visualized, it did not co-localized with the active episomal var promoter (»5% of cells). A subsequent study using multicopy concatameric episomes containing constitutively active var promoters indicated that individual cells are capable of expressing up to 20 var promoters at the same time (Dzikowski and Deitsch 2008) . These results provided a strong evidence for the existence of a var-speciWc subnuclear expression site, however, this site can accommodate more than one active gene at a time indicating that mutually exclusive expression of var genes is regulated at a diVerent level than simply nuclear architecture.
Conclusions
The complex molecular interplay between the regulatory elements found at each var gene, ncRNAs, RNA polymerase II, chromatin modifying enzymes and subnuclear organization leads to the tightly coordinated activation and silencing of individual genes within this large hypervariable family. As the details of each layer of regulation continue to be elucidated, a better understanding of how all of the pieces Wt together will ultimately provide researchers with a basic understanding of how malaria parasites manage their genomes. What is learned from studying this process in malaria parasites is likely to provide insights into how other eukaryotic pathogens regulate similar processes, as well as how eukaryotes in general use epigenetic mechanisms to control gene expression. Therefore the study of var gene regulation should be viewed as more than simply an investigation into how parasites survive within their hosts, but also as a complex problem that involves regulation at the levels of transcription, translation and genome organization. Thus, while hardly a model system, lessons learned from the study of P. falciparum should be valuable to all researchers interested in complex genetic pathways.
